Milpa cultivation involving cutting an area of forest, burning, and planting crops has existed in the Yucatá n Peninsula for more than three millennia. Fallow periods are short and decreasing, leading to a productivity collapse of the system. Technologies that increase yield and maintain plots under cultivation have the potential to decrease the land area needed for family food production, resulting in more mature forests. This study was undertaken to examine the relative importance and potential interactions of declining fertility and increasing weed pressure in reducing maize (Zea mays L.) yields, and to examine the effectiveness of combinations of weed control and sheep manure fertilization rates in sustaining productivity. The study sites were located near Merida, Yucatá n, Mexico. The experimental design with three replicates consisted of two sites, 2 cultivation years (1 or more than 1 year of cultivation), three sheep manure application rates (none, 4 Mg DM ha À1 , and 8 Mg DM ha À1 ), and three weed control treatments (none, traditional hand weeding, and herbicide). Measurements included labor required for weed control, weed cover, and maize leaf, stem, and grain harvest and quality. Considerably more labor was needed for hand weeding than for chemical control. At harvest, grass and woody weed cover was greatest for plots with hand or no weed control. Herbicide and, to a lesser extent, hand weeding were effective in controlling herbaceous weeds after the first year of cultivation. Manure applications of 4 Mg DM ha À1 and 8 Mg DM ha À1 increased grain yields by one half (415 kg DM ha À1 and 425 kg DM ha À1 ), stem yields by 36% (549 kg DM ha À1 ) and 50% (758 kg DM ha À1 ), and leaf yields by 40% (386 kg DM ha À1 ) and 45% (431 kg DM ha À1 ). With increasing cultivation year, chemical weed control was more effective than hand weed control in maintaining yields. Treatments had minor effects on protein and fiber concentrations of leaf, stem, and grain. Modest manure fertilization combined with chemical weed control has the potential to maintain or increase yields in repeatedly cultivated plots. Manure application could be implemented and maintained on smallholder farms with sheep.
Introduction
The system of milpa shifting cultivation has existed in the Yucatá n Peninsula for more than three millennia (Turner et al., 2003) . Although it is unclear to what extent the system has changed over time, there is evidence to suggest that its basic structure has persevered since pre-Columbian days (Teran and Rasmussen, 1995) . Milpa cultivation involves cutting an area of forest, burning, and planting maize mixed with squash (Cucurbita spp.) and beans, such as 'ib' (Phaseolus lunatus) and 'xpeló n' (Vigna unguiculate) . Slashing and burning clears the soil for planting, releases nutrients from slashed vegetation for crop growth, and reduces the population of weed seeds. Steggerda (1941) hypothe sized that milpa was the only method available to people farming in such a forested landscape without the availability of draft animals. The extremely rocky soils and the distinct wet and dry seasons could perhaps be added to the list of factors molding the development of the agricultural system.
The sustainability of an agricultural system like milpa is dependent on regeneration of the forest resource, which is actively maintained during the fallow period. Low stature tropical forest, such as found in the northern Yucatá n Peninsula, Mexico, is a globally threatened ecosystem (Gonzalez-Iturbe et al., 2002) . We hypothesize that there is a critical reinforcing feedback mechanism involving agricultural production and forest use. As demand for forest land for cropping increases and less land becomes available, fallow periods shorten, negatively affecting crop yields and, in turn, further spurring demand for forest conversion. Fallow period is a critical variable in this feedback process. Although reliable data on current practices are scarce, there is general consensus that fallow periods in the Yucatá n Peninsula of Mexico are short and shrinking. For example, Weisbach et al. (2002) estimated that the average fallow period is about 12 years, and only 6-8 years in some areas. Caamal-Maldonado et al. (2001) estimated that the average fallow period is less than 8 years. Earlier studies indicated lengthier fallow periods of 25-30 years (Rico-Gray and Garcia-Franco, 1992) or >30 years (Lopez-Forment, 1998) . Emerson (1953) , whose observations were in 1935, estimated a 25-30-year fallow period, but added that in some instances fallows were 15 or 20 years in length and occasionally as short as 4 or 5 years.
The other key variable affecting length of fallow is the time that an area is cultivated before it is abandoned because of low crop yield. The current average maize yield for Yucatá n, approximately 750 kg ha À1 (Caamal-Maldonado et al., 2001) , is about the same as measurements taken 70 years ago (Steggerda, 1941) . It is generally accepted that yields are greater in the first than in the second year of cultivation, although there are no published reports confirming this. In Yucatá n, where land is typically abandoned after 2 years, there has been controversy concerning the reasons for letting land revert to fallow. Lundell (1934) hypothesized that the problem was soil fertility decline; however, Emerson (1953) ridiculed this suggestion, proposing increasing weed pressure and associate weed control costs as the principle factor for yield decline and plot abandonment. Other authors (Ku Naal, 1992; Mariaca-Mé ndez et al., 1995; Pool-Novelo and Herná ndez-Xolocotzi, 1995; Reyes-Guerrero and Aguilar-Castillo, 1992) hypothesized that weeds and fertility may jointly contribute to yield declines in milpa cultivation. However, due to difficulties in conducting experiments in the highly variable soils of Yucatá n, and past failures to concurrently assess weed control needs and fertility changes in replicated field trials (Weisbach et al., 2002; Steggerda, 1941; Morley, 1981) , definite conclusions related to the main cause of yield decline in Yucatá n milpas cannot be drawn.
Management practices are needed that increase yield in the first year of cultivation, and maintain yield with continued cultivation. Obvious solutions for achieving these outcomes, considering the hypothesized limitations from weed competition and nutrient depletion, are herbicides and fertilizers.
In milpa, weeds and pests were traditionally controlled manually; however, pesticide use has become more common (Caamal-Maldonado et al., 2001) . Ku Naal (1992) gives an example of herbicide adoption in the village of Yaxcabá , where usage increased from nil in 1968 to 90% adoption in 1982. In contrast, fertilizer use rose from nil to 90% in the period 1980-1982. Data are unavailable on the present state of herbicide and fertilizer use on milpas in the state of Yucatá n.
A major limitation to agricultural production in the developing world is nutrient depletion. One method of providing nutrients for crop production is the use of manure from livestock. Horses, cattle, hogs, and fowl have long been a component of the agricultural systems of Yucatá n (Steggerda, 1941) . Ownership of hair sheep is a more recent practice, likely driven by demand for lamb and mutton in the populous central region around Mexico City, which has grown more than 6% annually in recent years (FAO, 2006) . Parsons et al. (2006) reported that sheep production became a more important source of household revenue in Yucatá n between 1989 and 2004. The survey of Parsons et al. (2006) also indicated that although every participant corralled sheep to some extent (resulting in manure accumulation), only one third of these producers reported fertilizing with manure, whether on crops, forages, or elsewhere. Yet, the majority of smallholder sheep producers also cultivate a milpa (Parsons et al., 2006) , and are unable to apply high rates of costly commercial fertilizers. Farmers have only recently added sheep to their systems to increase household income, and opportunities may exist to develop greater complementarities between these two farming system compo nents, particularly through manure use.
The objectives of this study were to (1) examine the relative importance and potential interactions of declining fertility and increasing weed pressure in reducing maize yields, and (2) examine the effectiveness of combinations of weed control and sheep manure fertilization rates in sustaining the productivity of milpa cultivation.
Materials and methods

Study areas
The study sites were located near the communities of Dzununcá n (20851 0 46 00 N, 89838 0 09 00 W, 15 m) and Xmatkuil (20852 0 34 00 N, 89837 0 01 00 W, 15 m), Yucatá n, Mexico, approximately 12 km south of the city of Mé rida. These sites will hereafter be referred to as farm 1 and farm 2, respectively. The climate is hot and sub-humid with a mean annual temperature of 27 8C and an annual average rainfall of approximately 980 mm (Trejo-Vá zquez, 1999) , which falls predominantly from June to October. The predominant vegetation is tropical deciduous forest (Miranda, 1958) , most of which is secondary growth (Gó mez-Pompa et al., 1987) . Farm 1 is located on private land with forest cover that is approximately 12 years old, and is periodically lightly grazed with sheep and goats. Farm 2 is located on communal (ejido) property originally cleared for sisal cultivation, with current forest growth approximately 50 years old.
The thin soils of the Yucatá n Peninsula are formed on tertiary limestone with shallow black Lithosols surrounding rock outcrops and deeper red Rendzinas at slightly lower relief (Shang and Tiessen, 2003) . Lithosols are shallow and stony with limestone fragments making up a large portion of the soil matrix; Rendzinas contain less gravel and are deeper (FAO-UNESCO, 1974) . The study area contained both red and black soils but experiments were conducted on the deeper and less stony red soils which offered the greatest potential for cropping. Average chemical characteristics of the soils are shown in Table 1 .
Experimental design
In March 2006 three 15-m Â 15-m plots were identified at farm 1, where maize had been grown the previous year. These plots were designated cultivation year (CY) 2. At farm 2, plots were located where maize had been grown the previous 2 years; designated CY 3. Combined, these cultivation years are referred to as CY > 1. At each farm, three additional plots were identified in the forest, close to the cleared plots. The forest on these plots was of maturity similar to the plots that were cleared 1 or 2 years ago. These plots, hereafter referred to as CY 1, were slashed and burned in 2006. Three manure fertilization rates (none, low, high) and three weed control treatments (none, hand weeded, chemical herbicide) formed nine factorial combinations. Treatment loca tions within each plot were allocated using a spatially balanced design (van Es and van Es, 1993; van Es et al., 2007) . Thus, a total of 12 plots (15-m Â 15-m) containing a total of 108 sub-plots (5 m Â 5-m) were obtained from two farm sites, 2 cultivation years, and three replications of three manure and three weed control treatments. Table 1 Mean 0-5-cm soil characteristics at planting a , grouped by farm location and cultivation year (CY). Farms were located in Yucatá n, Mexico. (Mehlich, 1984) for P, Ca, Mg, K, Na, B, Fe, Mn, Cu, Zn, and Al. Brookside Laboratories Inc. also conducted the KCl extraction (Gelderman and Beegle, 1998) for NO 3 -N and NH 4 -N. The extracts were analyzed using an ICAP 61E trace analyzer emission spectrometer (Thermo Electron Corp., Waltham, MA). Soil pH was measured in a 1:1 water extraction (wt:vol). Soil organic matter was estimated using the loss-on-ignition method (Storer, 1984) .
Preparation of plots
Trees were fell and vegetation slashed in CY 1 plots between February and April 2006, and subsequently burned in May 2006, with the exception of one plot; plot 4 (farm 1) was accidentally ignited in April by sparks from a neighboring farm. The CY 3 plots at farm 2 were cleared by slashing and burning stover and weed biomass in May 2006. Burning was unnecessary on farm 1 because sheep and goats had already consumed most of the standing biomass.
Soil samples were taken from each plot before manure application in May 2006. For each depth, five samples were taken, and combined into one composite sample. The air-dried soil had litter and gravel removed, and was passed through a 2-mm sieve. Brookside Laboratories Inc. (New Knoxville, OH) conducted the Mehlich-3 extraction (Mehlich, 1984) for P, Ca, Mg, K, Na, B, Fe, Mn, Cu, Zn, and Al. Brookside Laboratories Inc. also conducted the KCl extraction (Gelderman and Beegle, 1998) for NO 3 -N and NH 4 -N. The extracts were analyzed using an ICAP 61E trace analyzer emission spectrometer (Thermo Electron Corp., Waltham, MA). Soil pH was measured in a 1:1 water extraction (wt:vol). Soil organic matter was estimated using the loss-on-ignition method (Storer, 1984) .
A mixture of sheep and goat manure was obtained from the small ruminant unit at the Autonomous University of Yucatá n and further mixed to assure uniform composition. Air-dried samples analyzed at the Dairy One Forage Testing Laboratory (Ithaca, NY) contained on average 3.34% organic-N, 0.08% ammonium-N, 0.51% P, and 1.6% K on a dry matter (DM) basis.
Manure was hand-applied in May 2006 at the rates of 4 Mg DM ha À1 (low) and 8 Mg DM ha À1 (high). Thus, the equiva lent fertilization rates were: 137 kg total N, 20 kg P, and 64 kg K ha À1 (low); and 274 kg total N, 40 kg P, and 128 kg K ha À1 1 (high). Manure was applied to the inner 16 m 2 of each plot (18 plant spaces), and each plot was surrounded by a 0.5-m unmanured buffer zone to further reduce the risk of plot-to-plot movement of manure.
Weed assessment and control
Weed density was assessed at planting from seedling counts and percentage cover estimates. Weed cover groups included grasses, herbaceous species and woody species. Seedling count was the average of three randomly placed 0.23-m Â 0.47-m quadrats per plot. Grass cover at planting was estimated by the foliar area covered. A single estimate per plot was agreed upon from visual observation by two evaluators using the following categories: 0, >0-5, 5-15, 15-25, 25-50, 50-75, and 75-100%. Weed cover was re-assessed during the growing season (mid-July 2006) and just before harvest (mid-October 2006) .
Plots receiving hand weed control were cleared in a traditional manner using a 'coa', a small curved machete. Weeding was performed pre-planting (May 2006), early (mid-July 2006), and later in the growing period (mid-August 2006) . Weeding at preplanting was performed only on the CY > 1 plots because weeds in the CY 1 plots were too small to effectively control by hand. The total man-hours required for each weeding was recorded for each plot.
Plots receiving chemical control were sprayed pre-planting (May 2006) and once during the growing period (late-July 2006). Although attempts were made to uniformly apply herbicide to all plots, the differences in weed cover and biomass, particularly between plots in different cultivation years, invited unequal outcomes. At pre-planting the farm 2 plots were sprayed with Tordon 101 TM (10.2% Picloram: 4-amino-3,5,6-trichloropicolinic acid, and 39.6% 2,4-D: 2,4-dichlorophenoxyacetic acid) in a backpack sprayer at 7.8 L ha À1 . During the growing period the amount of herbicide used varied from event to event in an attempt to obtain uniform coverage across differing weed densities, and because of the difficulty of controlling the rates of application with a backpack sprayer. During the growing season farm 2 was sprayed with Tordon 101 TM at 3.6 L ha À1 on CY 1 plots and 5.3 L ha À1 on CY 3 plots.
Due to the dominance of grasses in the CY 2 plots of farm 1, all chemical weed control plots on farm 1 were sprayed at preplanting with glyphosate [N-(phosphonomethyl) glycine] at 5.6 L ha À1 . During the growing season plots at farm 1 were sprayed with Tordon 101 TM at 3.6 L ha À1 for CY 1 plots and 8.9 L ha À1 for CY 2 plots. The time required for spraying was recorded for each plot.
Planting procedure
A local variety of maize ('Xnucnal') was sown in early June 2006. Seeds were sown by hand, two per planting position, with 50 cm between positions, and 1 m between rows, resulting in 50 plant positions per plot (40,000 plants ha À1 ). Vacant plant positions were re-sown in late-June 2006.
Maize harvest and chemical analyses
The crop was harvested in mid-October 2006. In each plot a buffer row at each side and two plant positions at the end of each row were left un-harvested. Consequently, a total of 18 plant positions per plot were harvested. The total number of cobs per plot was recorded, and grain was hand separated from the shanks and husks. The number of cobs with grain eaten or partly eaten by animals (e.g. birds and rodents) was recorded. Grain DM yield per plot was determined by oven drying at 60 8C until a constant weight was obtained. Grain yields were adjusted for the effect of animal consumption using the number of affected cobs and an average grain weight per cob. For each plot the wet weight of husks was recorded, but husk DM yield was not obtained due to limited oven space.
The remaining plant biomass was harvested from the same 18 plant positions per plot in early November. First, six sample positions were harvested, based on a randomly generated pattern, and separated into stem (comprising stem and inflorescence) and leaf (comprising leaf, leaf sheath, and remaining husk) fractions. Wet weights were recorded. The stem fractions were chopped using an electric chopper and sub-samples (approximately 400 g) of the leaf and stem fractions were oven dried at 60 8C until a constant weight was obtained. The remaining 12 positions per plot were then harvested and the wet biomass was recorded only. Leafto-stem ratios from the sub-samples were used to estimate the additional DM yields of leaves and stems. All plants were cut approximately 5 cm above ground level.
Leaf, stem, and grain sub-samples were ground to pass through a 1-mm screen. Leaf and stem samples were analyzed for neutral detergent fiber (NDF) concentration using the procedure described by van Soest et al. (1991) with an ANKOM (Macedon, NY) fiber analyzer with filter bags. Total N concentration was determined by dry combustion (Leco Instruments, Inc., St. Joseph, MI) at the Dairy One Forage Testing Laboratory, Ithaca, NY.
Continuation of the experiment
To assess the effect of continuing cultivation on yield, the farm 2 plots were again planted to maize the following year (2007). Plots were managed in a similar manner as during 2006, but with reduced sampling and measurement. Plots were designated CY 2 and CY 4.
Statistical analysis
The experimental design contained three levels. For each of the two farms, six main plots (three of each cultivation year) were arranged in a completely randomized design. Each plot contained nine sub-plots, with combinations of manure and weed control treatments applied factorially. Results from the 2 trial years were analyzed separately. Weed and maize yield data were analyzed (both farms together), using mixed model procedures with PROC MIXED (SAS Institute, 2003) . All response variables were analyzed using a mathematical model containing the fixed effects of cultivation year, manure rate, and weed control practice, and a random effect due to farm. Third and higher order interactions were dropped from the model if non-significant at P 0.05. For repeated measurements, the fixed effect of time was included in the model. Tukey's statistic was used to test differences (P 0.05) among means. Additionally, grain yield differences between each manure-weed combination and the control practice (no manure, hand weeded) were evaluated for each cultivation year using Dunnett's one-sided test.
Results
Treatment effects on weed dynamics
Manure application rate did not influence the amount of labor required to control weeds. However, farm, cultivation year, weed control method and time each affected (often with interactions) the amount of labor required to control weeds (Table 2) . Least squares means are shown in Table 3 . Labor requirements depended on cultivation year and method of weed control (Fig. 1a ). More labor was needed with hand weeding on CY > 1 than for CY 1 plots, while labor inputs were the same when weeds were chemically controlled.
Labor requirements also depended upon the farm, time, and the method of weed control ( Fig. 1b) . At planting the labor input for weed control was low, and there was no difference between hand and chemical weed control for either farm. For the first weed control period after planting, labor for hand weeding exceeded that for chemical control, and labor for hand weeding was greater on farm 1 than on farm 2. For the second weed control event after planting, labor for hand weeding was high for both farms (chemical control was performed twice only).
The number of seedlings at planting did not differ between cultivation years (P > 0.05; data not shown in tables). However, farm 1 had more (P < 0.05) seedlings (323 seedlings m À2 ) than farm 2 (76 seedlings m À2 ).
The rate of manure application did not affect grass weed cover (Table 2 ). However, there was a significant interaction of farm, cultivation year, and time ( Fig. 1c ). Grass cover did not increase with time for CY 1 plots, but did increase with time for older plots. There was a significant interaction of type of weed control and time ( Fig. 1d ). Differences were undetectable among any weed control treatments at planting or at mid-season. However, grass cover at harvest was greater for plots with hand weed control or without weeding compared to chemical control, where grass cover did not significantly change with time. There was a significant interaction of farm, cultivation year, and type of weed control (Fig. 1e ). For CY 1 there was no difference in grass cover among plots. For CY > 1, there was no difference in grass cover for farm 1. For farm 2 the plots with hand or no weed control had greater weed cover than the chemical weed control plots.
There were no main effects of manure or time on herbaceous weed cover, although time was significant in the presence of an interaction. Farm, cultivation year, and weed control were all significant as main effects and also through interactions (Table 2) . Table 2 Significance for weed characteristics under 2 cultivation year treatments (CY 1 and CY > 1), three manure application treatments (0, 4, and 8 Mg ha À1 ), and three weed control treatments (none, hand weeding, chemical herbicide), at two farm locations over time. Farms were located in Yucatá n, Mexico. Random effects and non-significant third-and higher order interactions are not shown. Herbaceous cover was dependent upon an interaction of time and greatest without weed control, less upon hand weeding and least type of weed control (Fig. 1f) . At mid-season there was a greater with chemical control on both farms. Farms did not differ in level of herbaceous weed cover for hand or no weed control than herbaceous weed cover under chemical control; however, for chemical control. From mid-season to harvest, herbaceous herbaceous weed cover on farm 1 was greater than on farm 2 weed cover increased without weed control, decreased with hand for hand weeding and no weed control. Herbaceous cover was also weed control, and remained constantly low for chemical weed dependent upon an interaction of cultivation year and type of weed control. As a result, at harvest herbaceous weed cover was greatest control (Fig. 1h ). For both cultivation years, herbaceous weed cover in the no control treatment, less in the hand weeding treatment, increased from chemical, to hand, and no weed control. Cultivation and least in plots under chemical weed control.
year did not affect herbaceous weed cover when controlled Herbaceous cover was dependent upon an interaction of farm chemically or by hand; however, with no weed control, herbaceous and type of weed control (Fig. 1g ). Herbaceous weed cover was weed cover was greater for CY > 1 than CY 1. Woody weed cover was dependent upon an interaction of farm Woody weed cover was also dependent upon an interaction of and type of weed control (Fig. 1i ). For farm 1, woody weed cover time and type of weed control (Fig. 1j) . At mid-season there were was greater with hand or no weed control than for chemical weed no significant differences between weed control treatments; at control; however for farm 2 there was no difference between the harvest, woody weed cover was greater for hand weeding or no three weed control treatments.
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Treatment effects on maize yield
There was a main effect of manure on grain yield per hectare (Table 4 ). Without manure, 836 kg DM ha À1 of grain was produced (Table 5 ). Manure addition increased grain yield by 415 kg DM ha À1 with 4 Mg ha À1 and by 429 kg DM ha À1 with 8 Mg ha À1 (Table 5) . Farm, cultivation year, and weed control were significant in the presence of interactions (Table 4 ). The interactive effect of farm and cultivation year on grain yield is shown in Fig. 2a . Grain yield was substantially greater for farm 2 (1741 kg DM ha À1 ) than for farm 1 (889 kg DM ha À1 ) for CY 1 plots. However, yield differences were undetectable between farms for CY > 1 plots. There was no difference in grain yield between cultivation years for farm 1. However, grain yield was greater for CY 1 than CY > 1 for farm 2.
The interactive effect of weed control and cultivation year on grain yield is shown in Fig. 2b . Weed control did not affect grain yield from CY 1 plots, but yields in CY > 1 plots were greater with chemical control than with hand weeding or without weed control. In addition, there was no difference in grain yield between CY 1 and CY > 1 with chemical weed control whereas with hand or no weed control, grain yield was lower for CY > 1 than for CY 1.
The results for the number of cobs per plot were similar for those of grain yield. With no manure, 11.6 cobs per plot were produced (Table 5 ). Manure addition increased cob production by 5.3 cobs per plot with 4 Mg ha À1 applied and by 5.6 cobs per plot when 8 Mg ha À1 had been applied. Farm 2 produced 3.4 more cobs per plot than farm 1 ( Table 5 ). The interactive effects of type of weed control and cultivation year on cobs per plot (Fig. 2c) were similar to the corresponding interaction for grain yield shown in Fig. 2b .
Grain yield per cob was not affected by manure addition (Table 4 ). The effect of farm and cultivation year on cob yield (Fig. 2d ) was similar to the corresponding interaction for grain yield per hectare ( Fig. 2a) . Also, the interactive effect of type of weed control and cultivation year on cob yield ( Fig. 2e ) was similar to the corresponding interaction for total grain yield (Fig. 2b) .
Stem yield did not vary between farms (Table 4 ). There was a main effect of manure on stem yield (Table 4) . With no manure, 1530 kg DM ha À1 of stem was produced (Table 5) . Manure application increased stem yield by 549 kg DM ha À1 and by 759 kg DM ha À1 with 4 and 8 Mg ha À1 applied, respectively ( Table 5 ). The mean stem yields of the two manure application treatments were not significantly different. Stem yield was dependent upon an interaction of cultivation year and weed control ( Table 4 ). The interaction, shown in Fig. 2f , was similar to the corresponding interaction for grain yield (Fig. 2b) .
There were main effects of cultivation year, manure, and weed control on leaf yield, but there was no farm effect (Table 4 ). Leaf yield was greater for CY 1 plots (1552 kg DM ha À1 ) than for CY > 1 plots (907 kg DM ha À1 ) ( Table 5 ). Without manure, leaf yield was 957 kg DM ha À1 . Manure application increased leaf yield by 386 kg DM ha À1 with 4 Mg ha À1 of manure and by 431 kg DM ha À1 1 with 8 Mg ha À1 . Leaf yields resulting from the two manure treatments were not significantly different. Without weed control, 939 kg DM ha À1 of leaf yield was produced. Chemical weed control Fig. 2 . Interactions of 2 cultivation year (CY) treatments (CY 1 and CY > 1, reflecting first year of cultivation and consecutive years, respectively), three manure application treatments (0, 4, and 8 Mg ha À1 ), and three weed control treatments (none, hand weeding, chemical herbicide), on maize characteristics over time. Farms were located in Yucatá n, Mexico. Fig. 3 . Mean 2006 maize grain yields resulting from combinations of three manure treatments (0, 4, and 8 Mg ha À1 ) and three weed control treatments (none, hand weeding, chemical herbicide). Yields are averaged across farms, and separated by cultivation year (CY 1 and CY > 1, reflecting first year of cultivation and consecutive years, respectively). Farms were located in Yucatá n, Mexico. The control is labeled, and treatment combinations where the yield is greater than the control are indicated with '*' or '***' (significant at P 0.05 or P 0.001, respectively). resulted in 535 kg DM ha À1 more leaf yield than no weed control (Table 5) , while other contrasts were not significant.
The leaf-to-stem mass ratio was impacted by weed control method only; chemical control resulted in a ratio that was 0.13 g g À1 lower (Table 5 ) than for hand or no control treatments.
Cultivation year-targeted management
For producers considering manure and/or weed control options for maintaining or increasing grain yields, the pertinent comparisons are the typical practice (hand weed control and no manure application) versus other potential combinations. The mean yields and results of these comparisons, averaged across farms, and separated by cultivation year, are shown in Fig. 3 . The control grain yields were 1148 kg DM ha À1 for CY 1 and 556 kg DM ha À1 for CY > 1. Averaged across cultivation years the control yield was 852 kg DM ha À1 . For CY 1 (Fig. 3a) , only the hand weed control and high manure treatment combination resulted in a significantly greater grain yield (1890 kg DM ha À1 ) than the control.
For CY > 1 (Fig. 3b ) the combinations of chemical weed control and low or high manure resulted in greater yields than the control (P < 0.001). In contrast to the CY 1 plots, where most treatment combinations resulted in high yields, high yields could only be achieved in the CY > 1 plots with a combination of manure and chemical control.
The results from the additional year of maize cultivation in the farm 2 plots in 2007 are shown in Fig. 4 . Farm 2 benefited from a long fallow period, which likely explains the higher control yield in CY 2 (1017 kg DM ha À1 ) (Fig. 4a ). There were no differences in yield due to treatment combinations. For the CY 4 plots the control yield was 792 kg DM ha À1 (Fig. 4b) . Yields significantly greater than the control were achieved with manure and chemical control, and with the high rate of manure and hand weed control.
Treatment effects on feeding quality of maize
Although there were a number of statistically detectable treatment effects on plant protein and fiber (Table 4) , the magnitudes of most of these differences in relation to the expected feeding value for livestock (Table 5) were inconsequential.
Mean protein concentration across treatments was 67 g kg À1 for stem and 81 g kg À1 for leaf, and neutral detergent fiber was 775 g kg À1 for stem and 721 g kg À1 for leaf.
Grain protein was dependent upon an interaction of farm and cultivation year (Table 5 ). Grain protein concentrations for CY 1 and CY > 1 were not significantly different for farm 1. However, the protein concentration for CY 1 (136 g kg À1 ) was greater than that for CY > 1 (110 g kg À1 ) for farm 2. Mean grain protein concentra tion across treatments was 122 g kg À1 .
Discussion
Treatment effects on weed dynamics
For any cultivation year, labor requirements were much greater for hand control than for chemical control. The mean time input for hand weeding (122 h ha À1 , Table 3 ) was similar to the findings of Fig. 4 . Mean 2007 maize grain yields resulting from combinations of three manure treatments (0, 4, and 8 Mg ha À1 ) and three weed control treatments (none, hand weeding, chemical herbicide). Yields are from farm 2 and are separated by cultivation year (CY 1 and CY > 1, reflecting first year of cultivation and consecutive years, respectively). Farms were located in Yucatá n, Mexico. The control is labeled, and treatment combinations where the yield is greater than the control are indicated with '*' or '**' (significant at P 0.05 or P 0.01, respectively). Pascual (2005) , where approximately 100 h ha À1 was observed. If chemical control can be implemented effectively it represents an opportunity for farmers to reduce labor input, and continue to cultivate the same land for a longer period.
Grass weed cover increased rapidly through the growing season, except where chemical control was implemented. Farm differences in grass cover probably reflect herbicide use at preplanting. Because grass weeds were not noticeable at farm 2 preplanting, Tordon 101 TM was used on, which is ineffective against grasses. Because these grasses were not controlled, for farm 2 CY > 1 grass cover increased over time. In comparison, grasses were more evident pre-planting for farm 1, and thus glyphosate was used which was effective in controlling grass weeds through the season. The results suggest that even when grasses can appear to be a minor component of plant cover, they can rapidly become significant during the growing season. If herbicides are used it would seem worthwhile to use a broad-spectrum herbicide preplanting such as glyphosate, that is effective on grasses. We hypothesize that a single pre-planting spray of glyphosate may be sufficient to control grass weeds, and would be a useful area for further investigation.
The greater level of herbaceous weed cover for hand or no weed control than for chemical control in mid-season was not surprising as the cover estimate was made just before weeding, and only limited hand weeding took place at planting. At harvest, herbaceous weed cover was much less following chemical control than with hand or no weeding and with chemical control, there was no increase in weed pressure between cultivations years suggesting that chemical weed control could enable cultivation of the same land for an extended period.
Woody weed cover was often a significant component of total weed cover. It is unclear why chemical weed control reduced woody weed cover for farm 1, but not for farm 2; however, a difference in dominant species is possible. The benefit of chemical application on woody weeds during the growing season was not evident until harvest time, when cover was less than with hand or no weed control, possibly due to a slow growth rate. In general, chemical application on woody weeds was less effective than on grass and herbaceous weeds (Table 3) . It is unclear whether chemical application could successfully control woody weeds for an extended period.
Treatment effects on maize yield
Manure application increased yields indicating manure addi tion is effective in overcoming nutrient deficiencies. In comparison, interactions showed that the other factors affecting grain yield were less linear in nature. The interactions between cultivation year and farm can to some extent be explained by differences in farm characteristics. The longer fallow of farm 2 portended greater first year yields. In addition, if yields decrease with time under cultivation, the 2-year yield decline between the first-and thirdyear plots on farm 2 would be expected to exceed the decrease between first-and second-year plots on farm 1.
The interactive effect of weed control and cultivation year on grain yield suggests that the type of weed control in the first year of cultivation does not affect grain yield. However, with hand weed control, grain yield declined with continuing cultivation while grain yield did not decline with continuing cultivation when chemical control was implemented. Thus, hand weed control may be adequate in the first year of cultivation, after which chemical control may be a more effective (and less labor intensive) option. It is possible that type of weed control affects weed seed production and hence grain yields in subsequent years but this study could not address this hypothesis because all CY > 1 plots had been hand weeded the previous year.
Manure addition affected the number of cobs per plot in the same manner as grain yield; it did not affect grain yield per cob. Determination of cob numbers is generally thought to occur during the vegetative growth stage, whereas cob weight often reflects conditions in the latter half of the growth cycle. Thus, the results suggest that maize was able to respond to increased fertility early in the growing season through increased cob numbers, but not later in the growing season. In comparison, the type of weed control and cultivation year affected both cob number and cob yield in a similar manner to grain yield. This suggests that maintaining weed control through chemical application benefits the crop throughout the growth cycle.
The factors affecting stem and leaf yield were similar to those affecting grain yield. Thus, for farmers who apply manure and weed control treatments, more biomass could be expected as a result, either for retention in the field or for feeding livestock. -Maldonado et al. (2001) reported average maize yields in Yucatá n to be approximately 750 kg ha À1 (approximately 660 kg DM ha À1 assuming 12% moisture), and thus the control yields in this experiment are slightly higher but comparable. Although weed pressure was not limiting yield in the first year of cultivation, and fertility was of a sufficiently high level for attaining typical yields, the results showed that there is potential for greater yields with added manure. In comparison, for ongoing cultivation a combination of manure fertilization and chemical weed control was needed to maintain or to increase yields. Weed control was essential, but insufficient without manure, for attaining high yields. The decline in yield between first and subsequent years when weed control but not manure was used suggests that fertility becomes limiting over time. It is clear that as plots are continually used, both weed pressure and fertility are important factors to address in order to achieve a high yield.
Cultivation year-targeted management
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Treatment effects on feeding potential of maize
Because the magnitudes of most of the differences in treatment effects on plant protein and fiber are inconsequential in relation to the expected feeding value for livestock, we limit discussion to effects of biological significance. Although leaf was of slightly better feeding value than stem, the low protein and high fiber characterize both as poor quality feeds. Thus, the most important treatment effects were on stem and leaf quantity rather than on quality.
The interaction of farm and cultivation year on grain protein could reflect a decreased quantity of soil nitrogen available in the third year of cultivation for farm 2. The mean grain protein levels found in this study were greater than the 83-113 g kg À1 (mean of 92 g kg À1 ) found by Mendez-Montealvo et al. (2005) , in a study involving 20 diverse varieties of maize. The elevated grain protein levels found in our study may be related to the maize variety used, and offer benefits in grain consumption for both humans and livestock.
Feasibility of manure use
A limiting factor is the ability of smallholder farmers to access enough manure to fertilize a typical area of milpa. In a survey of sheep producers Parsons et al. (2006) reported that the average flock size of a smallholder farmer was 35 sheep, including 10 ewes of an average weight of 28 kg. A lactating 28 kg ewe, fed a diet of 700 g DM day À1 Napier grass (Pennisetum purpureum Schumach.), 350 g DM day À1 of Leucaena (Leucaena leucocephala (Lam.) de Wit), and 210 g DM day À1 of maize grain would produce approximately 350 g of manure per day (predictions based on the Cornell Net Carbohydrate and Protein System for sheep as described in Cannas et al., 2004) . For a flock of 10 ewes this equates to approximately 1280 kg of manure per year, enough manure to apply to 0.3 ha at the 4 Mg ha À1 (low) manure application rate used in this study. These calculations only consider manure production from ewes, not the entire flock, and are only a guide to possible manure production rates. However, these predicted manure production rates are in the right order of magnitude, considering that an average milpa area is one hectare (Pascual, 2005) , with a usual range of 0.5-2.5 ha (Lopez-Forment, 1998) , and that farmers might only use manure on the better soils. In this study, manure was spread evenly across the plot, whereas farmers are more likely to place manure around the plants, potentially increasing its benefits. In addition, a doubling in yield per ha with manure use could in theory reduce the required production area by half, further increasing the likelihood that these farms produce enough manure to fertilize a milpa.
A second consideration is the increase in labor required to collect, transport, and apply the manure. Feasibility depends on the distance between the location of the sheep corral and the field. It is obvious that farmer motivation to transport manure would decrease with distance to the milpa. However, potential labor savings due to a yield-increase driven reduction in land area and/or increased number of years of cultivation should also be considered. Pascual (2005) reported a typical labor input of 420 h ha À1 to clear land for a milpa. Thus, a technology such as manure fertilization that increases yield and reduces the amount of labor required for land clearing could result in improved household status.
Another consideration is the likelihood of farmers applying manure to land that they do not own. Producers may be averse to investing potentially valuable manure in land that they might not cultivate in the future. Formal land agreements usually exist that enable farmers to maintain control over a designated area of land. For example, Pascual (2005) reported that in the municipality of Hocabá (Yucatá n, Mexico) 88% of the milpa was cultivated on communal land under the ejido system. Under this system, a farmer is entitled to maintain use of the cleared milpa. In addition, there is a general preference for conversion of land under mature forest, rather than land with short fallow, reducing the likelihood that other farmers would desire cleared land. Other land tenancy agreements less formal than ejido also exist and could provide a disincentive for intensification.
Issues relating to herbicide use
The most commonly used herbicides in Yucatá n, paraquat (1 0 dimethyl-4,4 0 -bipyridinium) and 2,4-D, are applied after maize emergence, reducing the success of companion cropping of squash and beans (Caamal-Maldonado et al., 2001) . Based on observations made during this study, we hypothesize that a mid-season herbicide application may not have been necessary. A single effective application at planting may be sufficient, which would enable the traditional cultivation of companion crops. Use of pre emergence herbicides in Yucatá n was suggested by Sprague et al. (1978) . However, it is not a common practice. Further experi mentation with herbicide timing and rates would be worthwhile, particularly as the rates used in this experiment were deliberately high.
This study suggests that glyphosate was effective, and may provide a favorable alternative to 2,4-D and paraquat, both chemicals that should be handled with great care due to their elevated toxicity (Extension Technology Network, 2009 ). Toxicity of agricultural chemicals used in the region is particularly pertinent considering that most spraying is done without the use of protective gear.
Another issue relates to the potential for groundwater contamination of these herbicides. Because glyphosate and paraquat are highly absorbed to most soils they do not present a high risk of groundwater contamination, although incidents have occurred (Extension Technology Network, 2009 ). 2,4-D has been included in an EPA list of compounds that are likely to leach from the soil, and despite its short half-life in soils has been detected in groundwater supplies (Extension Technology Network, 2009), including in Yucatá n (Pacheco et al., 1997) .
It is unclear how repeated herbicide use over time affects weed populations and species diversity. It is conceivable that with zerotillage, continual herbicide use could exhaust the seed bank, thus reducing the need for chemicals over time. This could potentially affect eventual successional return to forest following milpa abandonment. However, tropical seed banks are generally assumed to be small, with a large proportion of viable seeds from pioneer species (Skoglund, 1992) . Miller (1999) found that in Western Mexico the contribution of the seed bank to forest regeneration is limited due to the paucity of tree seeds in the seed pool, and that coppicing appears to be more important than seedling establishment. Rico-Gray and Garcia-Franco (1992) speculated that in Yucatá n following the colonization of initial fire-stimulated species, the development of coppicing from shoots and root stocks, and the arrival of arboreal species in the seed rain are important. If repeated cultivation practices reduced the capacity of trees to coppice, forest regeneration may be negatively affected, and thus further work on the effect of the length of the cultivation period on succession is needed. -Maldonado et al. (2001) demonstrated the benefits of velvet bean (Mucuna pruriens Bak.) as a cover crop for weed control. Velvet bean cultivation is compatible with weed control and manure application treatments, adds nitrogen to the soil, and provides a valuable protein source for livestock (Castillo-Caamal et al., 2003) . Other practices such as the use of improved varieties, removal of rocks from selected areas with deeper soils, tilling and planting in rows, increasing plant densities, and applying animal manure have previously been combined to form the 'intensive milpa' system (Lopez-Forment, 1998). Although this was success ful in an experimental setting, adoption of the practice has been limited, mainly due to the initially large labor costs involved (Gü ndel, 1998) . The treatments assessed in this study could face the same problems. However, the management changes are less radical than those proposed for the 'intensive milpa' of Lopez-Forment (1998) . Another problem with the 'intensive milpa' is that farmers do not generally eat velvet bean. In an integrated crop-livestock system sheep can consume the velvet bean, resulting in improved animal weight gains (Castillo-Caamal et al., 2003) .
Potential integration with other technologies
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Conclusions
The study suggests that both enhanced weed pressure and declining fertility are important factors for yield decline in milpas. Chemical weed control required much less labor than hand weeding, effectively reduced weed cover, and increased grain and biomass yield. Grass weeds were not problematic in the first year of cultivation. However, continued cultivation led to problems such as yield decline unless chemical control was used. With increasing cultivation years, chemical weed control was more effective than hand weed control in controlling herbaceous weeds.
Manure fertilization increased grain and biomass yields. For first year plots, there was less variation in yield, but results were suggestive of small increases in grain yield with weed control and manure application. In third and fourth years, high yields could only be achieved with a combination of manure and weed control.
Maize stover quality was poor, and treatments had a greater effect on quantity (which increased with fertilization and weed control) than quality. The protein content of maize grain was high, and was greatest in first year milpas.
Smallholder sheep flocks could theoretically provide a suffi cient quantity of manure to fertilize a milpa, potentially allowing fertility to be maintained beyond the normal 2 years. Technologies that increase yield and maintain plots for a longer period have the potential to change elements of the current milpa system. Ultimately the success of such practices will depend on livelihood needs and aspirations of the households and the communities in which they live (Burgers et al., 2005) .
